Polymer composites are widely utilized in numerous applications including seals, bearings, gears, and artificial prosthetic joints [1] . Glass Fibre Reinforced Plastics (GFRP) is an industrial and economic reality competing with traditional materials and in particular metals, of which steel is the most important.
sistance over 600 times higher than the unfilled samples. From the studies of Lim et.al wear mapping is slowly gaining acceptance as a user-friendly approach to the presentation of wear-related information [7 & 8] . Gomes et.al have classified the wear regimes of silicon nitride ceramics as severe wear regime, transition regime and mild wear regime. Also they asserted that each wear regime has particular range of wear rate values [9] . The Probabilistic Neural Network (PNN) introduced by Specht is essentially based on the well known Bayesian classifier technique commonly used in many classical pattern recognition problems [10] . Goh used a PNN as a classifier for evaluating seismic liquefaction potential. The main criticism of the PNN algorithm is the very rapid increase in memory and computing time when the dimension of the input vector and the quantity of training samples increased [11] .
Based on literature, the wear maps can be classified as wear rate map, wear transition map and wear mechanism map. Wear rate map is the graphical representation to study the effect of sliding velocity and normal force on wear rate. The wear rates are drawn as contours. The change in the direction of contour lines represents that there was a change in mode of wear (for example mild to severe wear). Hence from the wear rate map it is easy to construct a wear mode map which is otherwise called as Wear regime map or Wear transition map. The wear rate map can be developed by using simple MATLAB programs by taking sliding velocity on X-axis and normal force on Y-axis and resultant wear rate on Z-axis.
The search for boundaries of regions of predominant wear and their transitions is one the important problem is constructing the wear transition map. The classification of wear regime is not based on any particular numerical value of wear rate but rather on observation that increases the severity of the loading conditions [12&13] . From an engineering point of view, mild wear might well be considered acceptable whereas the transition to severe and ultra severe wear conditions often represents a change to commercially unacceptable values. To select a particular set of material pair for sliding application, it is important for a designer to estimate the safest operating conditions to prevent the catastrophic failure with the help of wear transition map.
From the literature, it is evident that very few studies have been carried out in neat epoxy matrix reinforced with short glass fibres. Also evidence of using nano Al 2 O 3 as a second filler material in GFRP is less. Hence in the present study two different volume fractions of GFRP with nano Al 2 O 3 particles are taken up for the investigation of their wear characteristics with the help of wear maps. In the wear mechanism map, the dominance of wear mechanism can be identified for a particular sliding condition. In conventional empirical wear mechanism maps, it is difficult to establish the boundaries of different mechanisms. Hence it is decided to use probabilistic neural networks (PNN) to develop the wear mechanism maps [14] 
EXPERIMENTAL STUDY 2.1 Materials and Fabrication
The type of epoxy resin used is diglycidly ether bisphenol A (DGEBPA). Cycloaliphatic polyamine hardener is used as the curing agent. With the help of mechanical stirrer, Short E glass fibres of length 12 mm were mixed epoxy resin with curing agent and nano-Al 2 O 3 for the required proportions as shown in Table 1 . Then the mixture was thoroughly mixed with the help of sonicator, there by dispersion of nano-particles were ensured. The mixture was then poured into the rectangular mould of size 140*90*15 mm. After pouring, the mixture was placed in a vacuum atmosphere by placing it in a vibrator for curing purpose. The Time taken up for curing is 24 hours which is sufficient for uniform dispersion of Al 2 O 3 particles. The casting block was stripped out of the mould manually after curing.
Specimen Preparation
The rectangular specimen pins of size 12*9*9 mm were machined by a DO-ALL machine. The counter part is cylindrical roller made up of hardened steel with 60 mm diameter and 12 mm width. The periphery of the roller was polished using 240 grit silicon carbide (SiC) abrasive paper to create a relatively smooth surface roughness. The test specimens and rollers were cleaned by acetone and dried in hot air oven, before conducting the test.
Testing
The wear tests were conducted on a Pin on Roller Friction and Wear testing machine under dry sliding conditions. The tests were conducted at five different levels of normal force (4.91 to 24.71 N) and sliding velocity (0.314 to 2.512 m/s). Therefore total number of experiments conducted for each material is 25. The test specimens were weighed in an electronic weighing balance (CITIZEN CY-360) with an accuracy of 0.001mg prior to testing. The weight loss measurement was taken after running the test for 15 minutes in each specimen. During the test, friction force was measured by a transducer mounted on the loading arm thereby coefficient of friction is calculated using the relation 
where H is the frictional force, F is the normal force in Newton. The contact temperature at the counter faces were measured by using thermocouple. Wear rate is defined as volume of material removed per unit time and it is calculated by measuring the weight loss of the specimen. WR=Volume of material removed/time in mm 3 /min. The specimens were cleaned thoroughly by using acetone as etchant so as to obtain the clean image of the worn out surface. A scanning electron microscope (SEM) was used to study the morphology of the worn out surface. With the help of literature the wear mechanism that are identified through this study are ironing, matrix fracture, ploughing, fibre matrix debonding and fibre fracture [15] .
From an engineer's point of view, Ironing is an acceptable mechanism where the materials will endure for longer life cycle in sliding applications. Due to increase in applied load, the stress exist in the matrix material will lead to formation of large cracks which finally fractures the matrix surface. This phenomenon is defined as Matrix fracture. This mechanism is predominant at higher loads and low sliding velocity. The ploughing mechanism is also a matrix damage where a small proportion of the displaced material is actually detached from the surface. In the case of Fibre-matrix debonding the matrix material is either removed near the fibres or the matrix material above an underlying fibre is removed, exposing the fibre for loading. This is observed at higher sliding velocities and intermediate forces. The E-glass fibres are well known for brittle fracture. Due to the applied force and depending on the fibre type, this fracture can be noticed. Although, when a complete breaking and removal of the fibre takes place, the mechanism is called Fibre fracture.
RESULTS AND DISCUSSIONS

Wear behaviour of glass fibre reinforced plastic filled with 1 % nano-Al 2 O 3 (GFRP1)
In general, epoxy matrix is not an ideal material used in sliding wear applications due to its threedimensional network structure as compared with thermoplastics [16] . The nanoparticles can serve as matrix reinforcement as well as change the mechanical and tribological behaviour of these materials. The situation is changed greatly when nano-Al 2 O 3 is incorporated. Polymers filled with nanoparticles are recently under discussion because of some excellent properties they have shown under various testing conditions. Smaller the particles were applied, the better was the wear resistance of the composites [17] .
Figs.1,2 show the wear rate map wear transition map for GFRP1 respectively. From the wear transition map it is evident that the mild wear regime has a maximum wear rate of 10 mm 3 /min, the severe wear ranges from 10 to 12 mm 3 /min and the wear rate above 12 mm 3 /min is classified as ultra severe wear. Fig.3 shows the effect of sliding velocity and normal force on wear rate, coefficient of friction and temperature for GFRP1. All the responses showed minimum magnitude when the specimen is subjected to sliding velocity of 0.314 m/s and normal force of 4.91 N. The micrographs of the worn surface shown in Fig.4 (a) revealed the dominance of ironing mechanism. A strong bond between the filler and the matrix made the separation of material from the pin more difficult and hence contributed to higher wear resistance and also there is no sufficient load to deform the specimen to other wear mechanism like ploughing and fibre fracture which would increase the wear rate [18] . When the normal force was increased to 14.71 N for the same sliding veloc- When the normal force is further increased to 19.62 N, there was slight decrease in coefficient of friction which may be due to elastic deformation of surface asperities due to increase in contact temperature. At the same time, the contact temperature and wear rate
follows the increasing trend which may be due to surface fatigue. Chang et.al, [19] have concluded that there was inconstancy on the wear behaviour of nano-TiO 2 , on the one hand, nanoparticles tend to reduce the wear rate of composite by a reduction of the frictional coefficient as a result of their rolling effect. On the other hand, a mild abrasive is simultaneously induced by hard nanoparticles acting as third bodies, and this counteracted the former effect to a certain extent.
There was marginal increase in coefficient of friction, contact temperature and wear rate when the sliding velocity was increased to 0.628 m/s, keeping the normal force at 4.91 N. Further increase in normal force leads to transition of mild wear regime to severe wear regime. When the specimen was subjected to higher load of 24.71 N, large cracks appeared on the surfaces. The reason is that the fatigue mechanism of wear, which strongly depends on the load, plays a more and more important role [20] . It gives rise to a substantial increase in the wear rate of epoxy matrix fracture shown in Fig.4(b) .The micrographs of the worn out specimen has indicated the dominance of ploughing shown in Fig.4 (c) through out the severe wear regime at the sliding condition of 1.57m/s and 19.62N. The worn out specimens shows the evidence of fibre matrix debonding shown in Fig.4(d) , when the normal force is increased to 24.71N, simultaneously the wear regime transferred from sever to ultra sever wear regime.
It should be borne in mind that the duration of contact is short at high velocity leading to a further decrease in the friction force. When the specimen was subjected to higher sliding velocities of 2.198 and 2.512 m/s, the coefficient of friction and wear rate decreased to considerable value for lower magnitudes of normal force, but the temperature seems to increase with increase in sliding velocity [21] . The rolling of nano particles in the contacting surfaces may be the reason for increase in contact temperature. When the specimen was subjected to load of 14.71 N, the micro graphs of the worn out specimen shows the surface damage is caused by combination of fracture at the ends of the fibres and severe damage of the matrix leading to fracture and debonding of the fibres and subsequent matrix removal with less fibre damage and wear mechanism is significantly predominated by ploughing in the polymer [22] .
When the normal force has been increased up to 24.71 N, the micrographs of the worn out specimen shows the dominance of fibre matrix debonding followed by fibre fracture. If the fibre easily pull-out or cracking into the polymer matrix it may cause three body wear mechanism which could lead to fibre fracture shown in Fig.4 (e) that cause catastrophic wear failure at the end [23] . The wear transition map has inferred that the wear regime has transferred from severe wear to ultra severe wear. The worn out specimen has inferred that the fibre fracture was completely dominated the ultra severe wear regime.
At the beginning, the friction coefficient increases with the increase in force. At relatively high force, the slowing down of decrease of friction coefficient with the increase of force can be explained by the increasing effectiveness on friction coefficient of high temperature formed by the friction, which slows down the coefficient's decrease [24] . The effect of sliding velocity and normal force on coefficient of friction, temperature and wear rate was well supported by the studies of researchers [25&26] as they concluded that there was no fixed trend followed by either sliding velocity or normal force. In the range of low velocities, the viscous resistance in the contact zone increases with increasing velocity. When the contact pressure is high, the abnormally viscous flow is observed which leads to a sharp rise of viscosity due to velocity increase. In the intermediate range of velocities, all the above factors are in competition, and a maximum appears in the friction force-sliding velocity curve, position of which depends on the relaxation properties of polymer. In the range of high velocities, elastic behavior is prevalent in the contact zone and, as a result, the friction force depends only slightly on the velocity or it decreases with velocity [27].
There are two kinds of movement patterns of nano particles that were observed during the friction and wear behaviour they are sliding and rolling. The former cause cutting wears and thus creates a grooved surface, whereas the latter causes plastic deforma-tion wear and normally a lower wear rate. With an increase in contact pressure, abrasive nano particles can be embedded in the contacting surfaces and therefore tend to slide rather than to roll. As a result, the wear rate of the composite with hard particles would increase progressively [16] .
In general the mild wear regime was influenced by both sliding velocity and normal force up to the sliding velocity of 1.57 m/s. The general decrease in the coefficient of friction at very high load is possible due to the thermal effects associated with higher volume of plastically deforming material. For high yield strength polymers, which experience low interfacial friction due to thermal effects, the specimen pin may not go deeper into the material in the same proportion as the normal load is increased [28].
Wear behaviour of glass fibre reinforced plastic filled with 2 % nano-Al 2 O 3 (GFRP2)
The high wear rate of unfilled epoxy due to the three-dimensional cross linking network is greatly decreased by adding nano-Al 2 O 3 particles. Besides improving the wear resistance, the nanoparticles also reduce frictional coefficient of GFRP. Shi et.al [29] have concluded that composites filled with 2 volume % V f nano-Al 2 O 3 was found to be optimal volume percentage that a composite can be added with nano-Al 2 O 3 has lower wear rates. Figs.5&6 shows the wear rate map and wear transition map for GFRP2. The maximum wear rate that was observed in mild wear regime is 6mm 3 /min, the severe wear ranges from 6 to 12 mm 3 /min and the wear rate beyond 12 mm 3 /min is classified as ultra severe wear. Fig.7 shows the effect of sliding velocity and normal force on Coefficient of friction, contact temperature and wear rate of GFRP2. It has been inferred that at lowest magnitudes of sliding velocity (0.314 m/s) and normal force (4.91N), the responses are lesser in magnitude when compared to GFRP1. It means that nano Al 2 O 3 is very effective in improving the tribological performance of GFRP, especially for its wear resistance. The magnitudes of responses were reduced in the order of 2 or 3 when compared to GFRP1 specimens. The ironing mechanism shown in Fig.8(a) is predominant at this condition. When the force is increased to 24.71 N, there was consid- erable decrease in the coefficient of friction. Conversely there was slight increase in contact temperature and sudden jump in increase in wear rate which indicates the transfer of wear regime from mild to severe wear regime. The decrease in coefficient of friction due to increased load was appeared to be mainly ascribed to the influence of the contact temperature of the two relative sliding parts [30] .
As the temperature increases during rubbing process and reaches softening temperature of the material, it affects the adhesion and transferring behaviour of the materials and hence leads to decrease in the shear strength of polymer and to the decrease in coefficient of friction value [31] . The coefficient of friction, contact temperature and wear rate increased when the specimen was subjected to sliding velocity of 1.57 m/s and normal force of 4.91 N. The transition of wear regime from mild wear to severe wear occurs when the force was increased to 9.81 N. The change in wear regime was due to dominance of increased matrix fracture. The matrix resins are easy to rub-off without the effective reinforcement of fibre in friction, which leads to the rough worn surface, high friction coefficient and high wear rate [32&33].
When the normal force is further increased there is no evidence of transfer of wear regime, but the micro graphs shows the evidence of transfer of wear mechanism from matrix fracture to ploughing shown in Fig.7(c) . The coefficient of friction, temperature, wear rate of the GFRP2 gets increased which may be due adhesion of wear debris on steel counter part. At intermediate velocities, plough and internal energy dissipation could be the dominant friction mechanisms. Correspondingly, the combination of plough and peeling effects could be the dominant wear mechanism [34].
The coefficient of friction increased and dropped when the normal force was increased to 19.62 N and 24.71 N. The decrease in coefficient of friction was due to elastic deformation of surface asperities, but at the same time the contact temperature and wear rate increased considerably which may be due to fibre matrix debonding shown in Fig.8 It has been observed that increase in sliding velocity further to 2.512m/s does not seems to much affect coefficient of friction and temperature, but there was considerable decrease in wear rate of the specimen. This was well supported by the studies of Mimaroglu et.al on the wear behaviour of glass fibre reinforced plastics who concluded that the coefficient of friction decreases linearly with the increase in sliding speed. The wear transition map shows the evidence of transition of wear regime from severe to ultra severe wear [36] .
When there is a strong bonding between fibres and matrix resin, the load stress is effectively transmitted from the matrix to fibres, and fibres can successfully carry the load. In contrast, if there is a poor interfacial adhesion or there are cracks existing between fibres and matrix, the load stress cannot be effectively transferred from the matrix to fibres. Furthermore, stress concentration easily occurs at the sharp corner of the crack, which leads to the propagation of the cracks in composite. Therefore, the load-carrying capability of the composite is reduced [37] . The micrographs of the worn out specimen shows the evidence of fibre fracture shown in Fig.8 (e) dominating at the higher operating conditions.
Because of the hydrophilic nature of the nanoparticles and the limited dispersion force during blending with epoxy, nanoparticles have to present themselves in the composites in the form of agglomerates. Inside the nanoparticle agglomerates, the particles are bound only by hydrogen bonds and van der Waals bonds. When the composites with nanoparticles are subjected to wearing, damage induced by localized shear stress concentration at the loosened nanoparticle agglomerates would occur on a relatively large scale and produce bigger blocks of wear debris. These are disadvantageous to the improvement of tribological performance of the matrix. Detachment of nanoparticles and small amount of the surrounding matrix plays the leading role in material removal due to wear. The detached nanoparticles might also act as solid lubricants. These account for the low wear rates and frictional coefficients of the composites. From the wear rate map for GFRP2, it can be asserted that the wear rate is controlled by the interactions of sliding velocity and normal force. From the above analysis, also it can be concluded that the GFRP filled with 2% nano-Al 2 O 3 generally exhibited lower friction coefficient and higher wear life at all sliding conditions.
CONCLUSIONS
1. The wear behaviour of glass fibre reinforced plastics with two different volume fractions of nanoAl 2 O 3 particles were discussed with the help of wear maps, wear transition map and wear mechanism map. 2. The study shows that the GFRP2 has exhibits better friction and wear performance than GFRP1. 3. For all the materials used in this study, ironing is the dominant mechanism that prevailed during the mild wear regime, where as the severe wear regime was dominated by the occurrence of matrix fracture and ploughing. Finally the ultra severe wear was dominated by fibre matrix debonding and fibre fracture. 4. The study inferred that there is no linear relation between coefficient of friction, contact temperature and wear rate. 5. At the same, it can be noted that addition of nano particle does not decrease the friction coefficient, but the magnitude of contact temperature was reduced largely. 6. The fibre fracture is almost eliminated from the wear behaviour of GFRP filled with 2 % Vf nanoAl 2 O 3 , which is considered to be lethal mechanism in the wear behaviour of any material that could affect the wear performance to a greater extent. Also it should be noted that the ultra severe wear regime also minimized by this effect. 
